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4Study on bending method and improvement of accuracy of
bending process of thick sheet metal
Khamt Naranbaatar
ABSTRACT
Bent sheet metals are used widely because the welding part that can invite debasement of
product strength can be reduced by bending process. On the other hand, the bent plates are
contained in many various products, and the use is increasing. However, plate tends to un-
dergo larger defective deformations than thin sheet metal, and thin and thick sheet metals are
different in accuracy and shape of the product with bending process. As for the accuracy of
bending process and defective deformations, now it comes to rely on interpretation of techni-
cians to make decision of operational condition. Therefore, there is a necessity for clarifying
the defective deformation phenomena which appear in the bending process of the thick plate.
The present study focused the on particular defects of thick plate, design of die and punch,
and showed the optimum process conditions to provide guidelines in order to make high pre-
cision processes possible. First, this study will approach suitable methods for bending thick
plates from the standpoint of punch load control and damage prevention. Then, provide guide-
lines for designing die and punch targeted for aluminum alloy from the standpoint of crack
and spring-back control. Next, in order to expand the application for iron and steel materials,
we have shown the influence of mechanical properties. Thus, the method for realizing high
precision bending of thick plates is shown systematically.
This thesis composed of 8 chapters. Each chapter is summarized as follows:
In chapter 1, the background and the objective of this study were described.
In chapter 2, the conditions for basic experimental and numerical simulation were also de-
scribed.
In chapter 3, the optimum bending method was examined. First, this chapter focused on the
L bending process and considered the defects of thick plates. Then, the width of plate and die
shoulder radius were chosen as a parameter and the best process conditions were discovered.
Next, this chapter also focused on the V bending process because this method is suitable for
high load processes. Finally, L bending and V bending methods were compared in terms of
5the quantitative defects of thick plate.
In chapter 4, bending processes using the V type punch in air bending, load control and
defects of thick plate were examined. Then the die open width was chosen as a parameter and
the influence on accuracy was examined by experiment and numerical simulation. Finally, V
and I type punches were compared in terms of the defects of thick plate quantitatively.
In chapter 5, designed the die and punch based from a study of bending radius and spring-
back control. Here, the die open width and punch radius were chosen as a parameter and the
influence on accuracy was considered by experimental and numerical simulation to determine
the optimum type of punch for bending thick plate.
In chapter 6, the thickness and width of plate were chosen as parameters, and the influ-
ence on defects of thick plate was examined. Here, punch load, spring-back angle, bending
deduction, camber and flat length were shown quantitatively by experiment and numerical
simulation.
In chapter 7, the influence of control accuracy on defects of thick plates was described.
Bending angle, punch positioning accuracy, mechanical characteristics of material and thick-
ness precision of plate were shown quantitatively as an impediment of precision of product.
In chapter 8, the conclusions and contents of each chapter were summarized.
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Table 2.1 Chemical composition (mass %) (JIS)
Si Fe Cu Mn Mg Cr Zn Ti Al
A5083-O 0.4 0.4 0.1 0.4 4.9 0.25 0.25 0.15 balance
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Table 3.1 Experimental conditions
Plate(SS400)
Thickness t0/mm 10
Length l0/mm 170
Width b/mm
5, 10, 20, 40
60, 80, 100, 120
Die radius R/mm
2.5, 5.0, 7.5
10.0, 12.5, 15.0
Clearance c/mm 20
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Fig. 3.8 Camber height at inside of bending
Fig. 3.9 Camber height at outside of bending
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3. 3. 1 ???????
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Fig. 3.10 Schematic illustration of V-bending and L-bending process
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4. 1 ??
??????????????????????????????????????
????????????????????????????????????????
????????????????????????????17)??????????
???????????????????????????????????????
??????????????????????????????V?????????
??????????????????????????????
V?????????????????????????????????V???
???????????????????????????????????????
???????????????????????????????????????
???????????????????????????????????????
?????????????????????????????????????V?
????????? Fig. 4.1????Fig. 4.1(a)??????????????????
????????????????????????? 3?????????????
???????????????????????????????????????
????????????????????????????????????????
Fig. 4.1(b)?????????????????????????????????
???????????????????????????????????????
???????????????????????? Fig. 4.1(c)??????????
???????????????????????????????????????
???????????????????????????????????????
???Table 4.1????
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Fig. 4.1 Typical examples of V bending process
??????????????????????????????????????
???????????????????????????????????????
????????????????
Table 4.1 Characteristic in V bending processes
Air bending Bottoming Coining
Spring-back angle Big Middle Small
Punch load Small Big Huge
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4. 2 ???????????????
??????Fig. 4.2?????????????????????????????
??????Fig. 4.2(a)??????V?????????????????????
V???????????????
Fig. 4.2 Schematic illustration for combination of die and punch
4. 3 ????????
?????????????????????????? Fig. 4.3????????
?????????????????????? SKD11??????????Fig. 4.3
????????????????????????????????? L=50.0mm?
?????????????????????????? Table 4.2????
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Fig. 4.3 Schematic illustration of U-type die and V-type punch in plate bending
Table 4.2 Experimental conditions
Shaft
Punch radius Rp/mm 10
Die radius Rd/mm 10
Material SKD11
Die
Open width Vd/mm 40, 50, 60, 70,
80, 90, 100
Material S45C
Punch
Maximum load P/kN 150
Material S45C
Plate
Thickness t0/mm 10
Length a/mm 200
Width b/mm 100
Material A5083-O
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4. 4 ?????????????????
??????????????????????????????????????
????????????????????????????????????Fig. 4.5
??????Vd????????????????? S???????P???????
????????????? 150kN??????Fig. 4.5??? S?T??Fig. 4.6??
?????????????? S??Fig. 4.6(a)?????????????????
??????????????????T???Fig. 4.6(b) ????????????
?????????? c?????? t0???????????????????? S
???????????????????????????????????????
???????????????????????????????Fig. 4.7?????
???????????????????????????????????????
??????????????Vd????????????????????????
???????????????????????????????????????
???????Vd??????????????????? S??? T???????
?????????????????? g????????????????????
?Fig. 4.4???????????????????????????????T???
???????????????????????????????????????
???????
??????????????????????????????????????
???????????Vd???????????????????????????
??????????????????????????????
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Fig. 4.4 Photograph of bending view
Fig. 4.5 Load change during bending process
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Fig. 4.6 Schematic illustration of bending situation at point S and T
Fig. 4.7 Decrease of vertical component of reaction force
at die shoulder with increase of punch stroke
Fig. 4.8 Process of bending (Vd=100mm)
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4. 5 ???????
???????????Vd??????????????????????????
???????????????????????????????????????
???????? Fig. 4.8???????????????????????????
?????????????????? (a)???????????????????
????????? (b)?????????????????????????????
???????????????????????????????????????
?????????? 150kN????????????????????????? (c)
?????????
?????Vd?????????????????? ∆d0???? Fig. 4.11????
?????Vd????????∆d0???????????????????????
?Vd?????????????????????????????????????
???????????????V???????????????????????
??Fig. 4.2(b)?????? I????????????????????Fig. 4.11??
?????V????????????? 0.8mm?????????????????
I????????????????????????????? 0.12mm??????
???????????????????????????????????????
????? Fig. 4.9???????????????????????? I?????
???????
Fig. 4.9 Comparison between V-type punch and I-type punch
???I??????????????Vd????????????????? S?
?????? P???? Fig. 4.10????????Fig. 4.5????? S??????
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????????? S?????????????????????????????
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Fig. 4.10 Load change during bending process by I-type punch
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Fig. 4.12??????Vd??????????????? ρo????????? ρi
???????????????????????????????? ρi??????
? Rp???????????????Vd? 70mm????????????????
???????????? ρi??????? Rp?????????????????
???????????????????????????????????????
????Fig. 4.14???????????????????????????????
???????????????????????????????????????
????????????????????????
????????Vd? 70mm??????????????????????????
???? ρi?????????? 10mm?????????????? ρo??25mm?
??????????????????????????????? ρo???????
?????? 20mm???????????????Fig. 4.13???????????
??????????????????????????????????????
Fig. 4.12 Relationship between die open width and bending radius of plate
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Fig. 4.13 Schematic illustration of bending radius at center of bending plate
Fig. 4.14 Shape of plate at right under punch in FEM
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???????????????????????????????????? φ ?
???????????? φ ??????? 90 ? ??????????????? φb
????
φ ? 90 ? φb
?????Vd?????φb???? Fig. 4.15?????????Vd???????
????????????? φb ????????????? Fig. 4.12???????
? ρi?????????????
??????????????????????????????????????
???????????????????????????????????????
???????????????????????????????????????
???????????????????????? Fig. 4.16???????????
???????????????????????????????????????
???????????????????????????????????????
???????????????????????????????????????
???????????????????????????????????????
????????????????????????????????
Fig. 4.15 Relationship between die open width and spring-back angle of plate
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??????????????????? 100mm????????????? 10mm?
????? 15mm????????????????Vd???? Fig. 4.17?????
?????????? Vd???????????????????????????
hsi=1.2mm??????????????????????????????????
????hsi? hso???????????????????????????????
????????
??????????????????????? lfo???? lfi?????????
?????????? f????0.02mm?????????????? µm?????
?????,???? 0.02mm?????????. ???????????????Vd
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Fig. 4.16 Camber of plate during bending process
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Fig. 4.17 Relationship between die open width and camber of plate
Fig. 4.18 Relationship between die open width and flat length of plate
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??????????????????????????????????????
????? δ ????????????????? δ ????????????
δ=l1? l2? l0
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???????????????Fig. 4.20????????????????????
??????????????? A5083-O?????? 140MPa?????????
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Fig. 4.19 Relationship between die open width and bend deduction of plate
Fig. 4.20 Distribution of effective stress of plate at the end of the clamping
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5. 1 ??
??????????????????????????????????????
???????????????????????????????????????
???????????????????????????????????????
??????????????????????????? 3????Fig. 4.2(a)??
????V???????????????Fig. 4.11???????????????
???????????????????????????????Fig. 4.2(b)???
??? I???????????????????????????????????
????????????????????????????????????
Fig. 5.1 Schematic illustration of U-type die and I-type punch in plate bending
? 5? ??????????????????????????? 56
5. 2 ???????????
???????? Fig. 5.1??????????????? S45C?????????
?????????????????????????? SKD11?????????
???????????????????????????????????????
??DTH-A-30??????Fig. 5.2????????????? Rp=2, 5, 7.5, 10, 12.5,
15, 20, 25mm? 8????????Fig. 5.3??????????? Rd=10mm????
Vd=40, 50, 60, 70, 80, 90, 100, 120, 150mm? 9???????????????????
?? t0=10mm??? b=100mm????? a????????Vd???? 100mm??
??????????????????????????????Fig. 2.2?????
?1µm???????????????????????????????????
Fig. 5.4?????????????????????????VHX-1000??????
??????????? 90 ? ?????????????????????????
?????Table 5.1???????????????????? ELFEN??????
???? 0.15??????????? 2???????????
Fig. 5.2 Schematic illustration of and photo of I-type punch
? 5? ??????????????????????????? 57
Fig. 5.3 Schematic illustration of and photo of U-type die
Fig. 5.4 Photo of digital microscope
? 5? ??????????????????????????? 58
Table 5.1 Experimental conditions
Shaft
Punch radius Rp/mm 2, 5, 7.5, 10, 12.5,
15, 20, 25
Die radius Rd/mm 10
Material SKD11
Die
Open width Vd/mm 40, 50, 60, 70, 80,
90, 100, 120, 150
Material S45C
Plate
Bending angle θ / ? 90
Thickness t0/mm 10
Length a/mm 200
Width b/mm 100
Material A5083-O
5. 3 ????????
Fig. 5.5??????Vd??????????????∆θ ????????????
???????Vd???????????????????∆θ???????????
???????????????????????????????????????
??????????????????????? Fig. 5.6?????????????
???????????????????????????????????????
???????????????????????????????????????
????????????????????????????????????Fig. 5.5
???????????????????????????????????????
??????????????? Vd??????????????????????
???????????????????????????????????????
??????????????????????????????Vd????????
Fig. 5.6????????????????????????????????????
???????????????????????????????????????
??????
? 5? ??????????????????????????? 59
Fig. 5.5 Effect of die open width on spring-back angle of plate
Fig. 5.6 Effect of die open width on distribution of effective
plastic strain of thick plate at the end of clamping
? 5? ??????????????????????????? 60
Fig. 5.7(c)??????????????????????????????????
????????????????? Fig. 5.7(a)?Fig. 5.7(b)????????????
?Rp=10mm???????????Vd=40?50?60?70mm? 4??????????
???????????????????????????Vd???????????
???????????????????????????????????????
???????????????? ∆θ ?????????????????????
??????????????????????
Fig. 5.7 Crack of bent plate
?????Vd?????????? Rp????????????????????
??????Table 5.2?????????????????????????????
??????????????????????4???????????????
?????????????Vd????????????? Rp??????????
???????????????????????????????????????
????????????????????????Vd=40mm??????????
Rp=2mm???????????????????????? Fig. 5.7(d)????
? 5? ??????????????????????????? 61
?????????????????????????????12)?????????
I =
1
b
Z
¯ε
0
(
σm
σ¯
+a)d ¯ε
????σ¯??????¯ε???????σm??????a? b??????????
????? I??1????????????????????????????????
??? I?????????????????????????????????????
???????????????????????????????????Fig. 5.7(c)
?????????????????????????????????Fig. 5.8???
?????????? I????????????????????????????
???????????????????????????????????
Fig. 5.8 Crack limit of plate during bending process
? 5? ??????????????????????????? 62
Table 5.2 Surface situation on ridge line part
Rd/mm
Die open width Vd/mm
? 40 ? 50 ? 60 ? 70 ? 80 ? 90 ? 100 ? 120 150
2.0   4 4 4 4   
5.0   4 4     
7.5  4 4 4     
10.0 4 4 4 4     
12.5 n 4 4      
15.0 n n       
20.0 n n n      
25.0 n n n n n    
 : Crack found by visual observation 4 : Roughness found by microscopic observation
 : no crack confirmed n : Not applicable due to geometric interference
Fig. 5.9 Effect of punch radius on spring-back angle of plate
? 5? ??????????????????????????? 63
????????????Rp????????????Fig. 5.9????????90?
???????????????????????????????????Vd=150mm
????,????????????????????????????Vd=80mm??
????????????? 2?????????????????????????
?????????????????????
?????????????????????????????Fig. 5.10?????
???????????????????????????????????∆θ ???
??????????????????????????????3)????????
???????Fig. 5.11????????Fig. 5.10??????? 1mm??????
???????????????????????????????????????
???? Rp=5mm??????????? Fig. 5.12????????????? Rp?
???????????????????????????????????????
?????????????????????????? Rp????????????
???????????????????????????????????????
???????????????????????????????????????
??????????? ∆θ ????????????? Rp??????????
Fig. 5.10 Outside shape of bent plate
? 5? ??????????????????????????? 64
Fig. 5.11 Calculation of spring-back by simplified bending theory
Fig. 5.12 Change of curvature during spring-back
? 5? ??????????????????????????? 65
?????Vd=100mm?????????????????? Fig. 5.13??????
????Rp??????????????????????????????????
???????????????????????????????????????
???????????????????????????????????????
????????????????????????????????????????
???????? Rp???????????????????????Vd?????
??????????????????????????????????
?????Vd??????????????????????????Vd????
?????????? Fig. 5.14??????????????????? Rp=10mm?
??????? θ=90 ? ???????????????? Vd??????????
?????????????????????
Fig. 5.13 Effect of punch radius on distribution of longitudinal
stress of thick plate at the end of clamping
? 5? ??????????????????????????? 66
Fig. 5.14 Effect of die open width on outside shape of bent plate
????????Vd?????????????????????????????
????????? Fig. 5.15???????????????Vd????Vd=40mm?
???????????Vd???????????????????????????
???????? X?????? 20mm?2Rp??????????????????
??????????? Fig. 5.6??????Vd?????????????????
???????????Vd???????????????????????????
?????????????? 2Rp???????????????????????
??Vd????????????????????????????????????
???????????????????????????????????????
?????
? 5? ??????????????????????????? 67
Fig. 5.15 Effect of die opening width on curvature distribution at the end of clamping
Fig. 5.16 Difference of curvature between before and after spring-back
? 5? ??????????????????????????? 68
?????Vd???????????????????????Fig. 5.16?????
????Vd=100mm??????????????????????????????
???????????????????????????Vd=150mm???????
???????????????????????Fig. 5.6?????????????
?????Vd?????????????????????????????????
????????????????????????????????? ∆θ ????
??????? Rp????????Vd???????????????????Vd?
????????????????? ∆θ ????????Fig. 5.7?????????
?????????????????????????????????
5. 4 ??
????????A5083???V???????????????????????
??????????????????????????????????????Vd
?????????? Rp???????????Vd???????????????
?????? ∆θ ?????????? t0? 5????Vd ? 5t0???????????
????????????????6t0 ? Vd ? 8t0?????????????????
????????????????Rp??????????????????????
??????????????????????????????????Rp????
???????????????????????????????????????
???????????????? Rp????????????????????Vd
???????????????????????????????????????
?????t0=10mm?A5083??????? θ=90 ? ??????????????
?????? Rp=t0????????Vd=6t0?????????????
? 5? ??????????????????????????? 69
????
1) ??? : ?????????????????-1-?????????,?????
?????????????????????, ??, 38-314 (1974), 2514–2524.
2) ????????? : ?????????????????????? 1?, ??
???, 45-516 (2004), 40–44.
3) ????????? : ?????????????????????? 2?, ??
???, 45-519 (2004), 51–55.
4) ?????????????? : ????UO????????????????
?, ?????, 25-278 (1984), 238–244.
5) ???? : ??????????????, ?????, 43-493 (2002), 145–149.
6) ???? : ??????????????????????????????, ?
????, 22-248 (1981), 904–911.
7) ????????? : ??????????, ?????, 8-4 (1956), 427–430.
8) ????? : ???????? 3??, ???? (1953), 63.
9) ???? : V???????????????????????, ???, 56-1
(2006), 45–50.
10) ?? : ????????V???????????????, ??, 44-500 (1995),
578–583.
11) ???? : ???U????????????, ?????, 29-324 (1988), 69–74.
12) ????? : ????????????, ??, 75-639 (1972), 596–601.
13) ???????? : ????, ???? (1995), 1–3.
14) ????? : ?????????, ????? (1991), 465–467.
15) ???? : ???????, ?????? (1958), 19–20.
16) ???????? : ????, ???? (1995), 22-23.
70
?6? ?????????
??????????
6. 1 ??
???????????????????????????????????????
???????????????????????????????????????
??????????????????????????????? 3?5?????
??????????? 200mm???? 100mm???? 10mm??????????
?????????????????????????????????2)?16)???
???????????????????????????????????????
???????????????????????????????????????
????????????????????????????????????????
???????????????????????????????????????
????????????????????????
6. 2 ??????????
????????? Rp? 10mm????????? R?? 10mm??????Vd?
60mm?????????????????????????????????????
???????????????? (SS400)?????????????? a? 200mm?
?? b? 100mm??? t0? 5?10?15mm??????????????? 90????
??????????????????????????????????????
???????????????????????????????????????
???????????????????????????????????? t0???
???? P???? Fig. 6.1??????????Vd=60mm????????????
???????Rp=10mm????????????? 90?????????????
??????????????????????? 5mm????? 23kN??? 10mm
? 6? ??????????????????? 71
????? 100kN??? 15mm????? 272kN?????????????????
???????????????????????????????????????
?????????????17)?a?????????B??????e????? 2?
???????????????????????????????????????
V???????????????17)???????
P =
(1+ 4t0Vd )??B?b?t
2
0
Vd
????
??????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????? 90 ? ???
? t0? 5?10?15mm??????????????? Fig. 6.2???????????
????????????????????
??????????????????????????????????????
??????????????????????????Fig. 4.16?????????
???????????????????????????????????????
???????????????????????????????????? t0??
???????????????????????? Fig. 6.3???????????
?????????????????????????
??????????????????????????????????????
???????????????????????????????????????
?????????????????????????????????? t0????
????????????? Fig. 6.4??????????????????????
???????????????????????????????t0? 10mm???
?????????????????
? 6? ??????????????????? 72
Fig. 6.1 Relationship between thickness of plate and punch load during bending process
Fig. 6.2 Relationship between thickness of plate and spring-back angle
? 6? ??????????????????? 73
Fig. 6.3 Influence of thickness of plate on width of edge camber
Fig. 6.4 Influence of thickness of plate on height of edge camber
? 6? ??????????????????? 74
6. 3 ??????????
?????????? Rp=10mm????????? R?=10mm???????
Vd=100mm??????????????? A5083-O? SS400? 2????????
???? SS400??????????? 90???????????????????
??????????????????????????????????
??????????????????? a=200.0mm???? b=5, 10, 20, 40, 60, 80,
100, 120mm???? t0=10mm?????????????? 3??????????
????
??????? b??????????????????????????????
???????????????ELFEN?????8??????????????3?
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Table 7.1 Influences on spring-back
Parameter Difference of spring-back
Thickness of plate ∆t0=0.1mm 0.017 ?
Bending angle ∆θb=1 ? 0.01 ?
Punch stroke ∆S=1mm 0.031 ?
Plastic coefficient ∆F=10MPa 0.03 ?
???????????10mm?90????????????????????0.1
?????????????????
 ?????????JIS??????????
 ?????????????? 1mm????????????
 ????????? 1????????????
 ?????? F????? 10MPa???????
??????????????????????????????????????
??????????????????????????????????? F???
???????????????????????????
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